Estrogen regulates over a thousand genes, with an equal number of them being induced or repressed. The distinct mechanisms underlying these dual transcriptional effects remain largely unknown. We derived comprehensive views of the transcription machineries assembled at estrogen-responsive genes through integrating multiple types of genomic data. In the absence of estrogen, the majority of genes formed higher-order chromatin structures, including DNA loops tethered to protein complexes involving RNA polymerase II (Pol II), estrogen receptor alpha (ERa) and ERa-pioneer factors. Genes to be 'repressed' by estrogen showed active transcription at promoters and throughout the gene bodies; genes to be 'induced' exhibited active transcription initiation at promoters, but with transcription paused in gene bodies. In the presence of estrogen, the majority of estrogen-induced genes retained the original higher-order chromatin structures, whereas most estrogen-repressed genes underwent a chromatin reconfiguration. For estrogen-induced genes, estrogen enhances transcription elongation, potentially through recruitment of co-activators or release of co-repressors with unique roles in elongation. For estrogen-repressed genes, estrogen treatment leads to chromatin structure reconfiguration, thereby disrupting the originally transcription-efficient chromatin structures. Our in silico studies have shown that estrogen regulates gene expression, at least in part, through modifying previously assembled higher-order complexes, rather than by facilitating de novo assembly of machineries.
ABSTRACT
Estrogen regulates over a thousand genes, with an equal number of them being induced or repressed. The distinct mechanisms underlying these dual transcriptional effects remain largely unknown. We derived comprehensive views of the transcription machineries assembled at estrogen-responsive genes through integrating multiple types of genomic data. In the absence of estrogen, the majority of genes formed higher-order chromatin structures, including DNA loops tethered to protein complexes involving RNA polymerase II (Pol II), estrogen receptor alpha (ERa) and ERa-pioneer factors. Genes to be 'repressed' by estrogen showed active transcription at promoters and throughout the gene bodies; genes to be 'induced' exhibited active transcription initiation at promoters, but with transcription paused in gene bodies. In the presence of estrogen, the majority of estrogen-induced genes retained the original higher-order chromatin structures, whereas most estrogen-repressed genes underwent a chromatin reconfiguration. For estrogen-induced genes, estrogen enhances transcription elongation, potentially through recruitment of co-activators or release of co-repressors with unique roles in elongation. For estrogen-repressed genes, estrogen treatment leads to chromatin structure reconfiguration, thereby disrupting the originally transcription-efficient chromatin structures. Our in silico studies have shown that estrogen regulates gene expression, at least in part, through modifying previously assembled higher-order complexes, rather than by facilitating de novo assembly of machineries.
INTRODUCTION
Estrogen is essential for the development and function of the female reproductive system, and is a known potent mitogen in breast cancer (1, 2) . The effects of estrogen are mediated through the alpha and beta estrogen receptors (ERa and ERb), which are canonical examples of a large family of transcription regulators referred to as nuclear receptors. It is widely believed that, when bound by their corresponding ligands, nuclear receptors bind to DNA in a sequence-specific manner and facilitate assembly of transcription machineries at the sites. However, this view cannot explain the phenomenon that almost an equal number of genes can be repressed or induced by estrogen-bound ERa (3) . While there is an extensive body of research studying ERa as a transcription activator-see review articles (4, 5) -few studies concentrate on the mechanisms of ERa-mediated transcriptional repression (6) (7) (8) (9) (10) , and the majority of those that do concentrate on a small number of estrogen-responsive genes. Therefore, the mechanisms by which estrogen represses gene expression at a genome scale remain largely unclear. Because many nuclear receptors play dual regulatory roles, a better understanding of the mechanism of ERa-mediated gene repression would shed light on general mechanisms by which a transcription regulator exerts dual inductive and repressive effects.
The emergence and application of high-throughput technologies enable studies inspecting different aspects of transcription processes on a genome-wide scale. For instance, microarray technology measures overall mRNA, whereas global run-on sequencing (GRO-seq) measures de novo transcriptional activities. Chromatin immunoprecipitation (ChIP) followed by high-throughput DNA sequencing (ChIP-seq) enables genome-wide profiling of the protein-DNA interaction of transcription factors, co-regulators, RNA polymerase II (Pol II) and histone-modification markers, while chromatin interaction analysis with paired-end tag sequencing (ChIA-PET) and other techniques (11) (12) (13) (14) captures long-range chromatin interactions on a genome-wide scale.
In this study, we sought to investigate the mechanisms of estrogen-mediated transcription regulation by integrating publically available genome-scale data sets collected in the absence and presence of estrogen (15) (16) (17) (18) (19) (20) (21) . Through dissecting the diverse data sets from different angles, we derived an extensive picture of ERa-mediated transcription machinery, particularly with respect to the involvement of higher-order chromatin structures and their distinct responses to estrogen between estrogeninduced and estrogen-repressed genes. Our analyses resulted in new findings with respect to both baseline transcription and ligand-mediated transcription of estrogenregulated genes. These findings further lead to a novel hypothesis for a general mechanism for gene repression.
MATERIALS AND METHODS

Identification of consensus estrogen-responsive genes
The consensus estrogen-responsive genes were identified based on a ranked-product meta-analysis across four independently published data sets (GSE3834, GSE9936, GSE11324 and GSE5840-Affymetrix GeneChip Human Genome U133 Plus 2.0 platform), which investigated the effect of estrogen treatment on gene expression in MCF-7 cells at early (3-4 h) time points (22) . We further filtered out genes with small mean and standard deviation, which would lead to a low signal-to-noise ratio. We selected genes that contain a single RefSeq transcription-starting site (TSS) annotation to simplify analysis.
ChIP-seq, GRO-seq and ChIA-PET data sets and preprocessing ChIA-PET data for MCF-7 cells (preprocessed) were obtained from the originally published Supplementary Data (15, 16, 23) . We merged results of IHM001F and IHH015F large-scale ChIA-PET analysis (15) using supplementary files of the original work (15) . Processed Pol II ChIA-PET data were obtained from authors of the original work (23) . Preprocessed ChIP-seq Pol II, transcription factor (TF), co-regulator and histonemarker data for MCF-7 were downloaded from the Nuclear Receptor Cistrome Database, (21) where the peaks were called by the model-based analysis of ChIPSeq (MACS) method (26) , with P-value cutoff 10
À5 . Mapped GRO-seq reads (at 0 and 40 min) were downloaded from the GEO (GSE27463).
Consensus ERa cistrome
We collected a total of four ChIP-seq data sets for ERa (17) (18) (19) (20) that profiled MCF-7 in the absence and presence of ligand. Because there was a large variation of ERabinding sites across different MCF-7 studies, we merged overlapping binding sites in at least two studies to form a consensus ERa cistrome using the completeMOTIFs pipeline (24) . This approach allowed us to combine the results of several studies to provide a global picture of ERa-binding sites.
Consensus FoxA1 cistrome
From the MCF-7 cell line, we collected three ChIP-seq data sets for FoxA1 (17, 25, 26) in the absence of ligand, as well as two ChIP-seq data sets for FoxA1 (17, 25) treated with estrogen. We merged overlapping binding sites in at least two studies to form a consensus FoxA1 cistrome in the absence of ligand using the completeMOTIFs pipeline (24) . We took overlapping binding sites (at least 1 bp) from two studies of ligand to form a FoxA1 cistrome in the presence of ligand.
Genome annotations
Genome annotations were downloaded from the human genome Build 36 (hg18 assembly) of the UCSC Genome Browser (www.ucsc.org). Gene definitions were given by the RefSeq genes track. We have considered only the RefSeq genes that have one annotated TSS. When visualizing experiments with the UCSC Genome Browser, we used human genome Build 37 (hg19 assembly).
Pol II ChIP-seq meta-gene profiles
The average Pol II ChIP-seq profile across genes, a 'metagene' profile (27) , was plotted by aligning genes at the first and last nucleotides of the annotated transcripts and scaling the sequencing tags as follows. The total sequence tag counts were directly used for the promoter (0.5 kb upstream of the TSS to 0.5 kb downstream) and the 3 0 -end (0.5 kb upstream of the transcription end site (TES) to 0.5 kb downstream) of transcripts. To account for variable gene sizes, a signal between 0.5 kb downstream of the TSS to 0.5 kb upstream of the gene end was represented by 1000 values obtained by cubic spline interpolation. The resulting tags of a gene were then scaled to 100 equally sized bins (with average tags in each bin), so that all genes appeared to have the same length. All profiles were plotted on a normalized read per million (RPM) basis.
GRO-seq meta-gene profiles
To show the average GRO-seq profiles across genes, we plotted a 'metagene' profile (27) . Genes were aligned at the first and last nucleotides of the annotated transcripts, and sequencing tags were scaled in the same fashion as described in the previous subsection. The total sequencing tag counts were directly used for the promoter (1 kb upstream of the TSS to 1 kb downstream) and the 3 0 -end (1 kb upstream of the TES to 1 kb downstream) of transcripts. All profiles were plotted on a normalized RPM basis. The transcription-starting rate on the sense (or antisense) strand of a gene was calculated as the total RPM near the TSS region (À300 to +300 bp).
microRNA analysis
The target prediction analysis was performed by using ComiR (28), a newly developed algorithm that is designed to predict the targets of a set of microRNAs (miRNAs). ComiR incorporates the miRNA expression level in the thermodynamic binding model and thus improves the prediction of existing algorithms. It then combines the improved predictions of four target prediction tools using a support vector machine trained on Drosophila Ago1 immunoprecipitation data. We used ComiR to compute the gene probabilities associated with each single miRNA, and we considered as targets those genes with a ComiR probability score >0.8.
Statistical analysis
The statistical significance of the difference between gene groups was assessed using the t-test and the chi-squared test using R. To gauge the significance of spatial correlations between promoters of estrogen-responsive genes with histone markers, we used the GenometriCorr package (29) , which assesses permutation to (n = 500) to create a distribution of genomic distances that would be expected if the markers were uncorrelated.
RESULTS
Identification of early estrogen-responsive genes by metaanalysis
We used the results from a recent meta-analysis of estrogen response in MCF-7 breast cancer cells (22) that identified a set of early estrogen-responsive genes. From this set, we selected genes that have a single TSS according to annotations from RefSeq (30), leading to a total of 748 estrogen-responsive genes, including 429 estrogen-induced and 319 estrogen-repressed genes (Supplementary Table  S5 ). For the estrogen-induced genes, the signals at the probe level for 210 genes were categorized as 'present' in the absence of estrogen, and those for the remaining 219 genes were categorized as 'absent'. In the absence of estrogen, the expression value of estrogen-repressed genes was higher than that of estrogen-induced genes. This subset of estrogen-responsive genes in the human genome should be sufficiently representative of estrogenresponsive genes to allow for insight into estrogenmediated transcription regulation.
The status of transcription machineries in the absence of estrogen
To infer the status of transcription machineries assembled at the estrogen-responsive genes in the absence of estrogen, we performed integrative analyses of a large number of the genome-scale data sets collected from MCF-7 cells, including ChIP-seq data sets for Pol II, ERa, ERa-pioneer factors and ChIA-PET data sets for Pol II and ERa (see Supplementary Table S1 for the complete list of data sets).
Pol II occupancy at promoters Using the Pol II ChIP-seq data set by Li et al. (23), we performed meta-gene analysis to compare Pol II occupancy at estrogen-induced and estrogen-repressed genes ( Figure 1A ). Both gene sets showed strong peaks of Pol II-binding at the promoter regions of the meta-genes, and revealed no significant difference (t-test P = 0.7) in terms of the normalized total sequence tag counts near TSS (±500 bp) between the two sets of genes. Because Pol II was ubiquitously present at the promoters of estrogenresponsive genes, and because estrogen was not required for Pol II recruitment to these promoters, we conclude that Pol II occupancy in the absence of estrogen is not the key factor determining the distinct transcriptional behaviors of the estrogen-induced and estrogen-repressed genes.
Pol II-associated chromatin interaction complexes. Observing the presence of Pol II at the estrogen-responsive genes motivated us to investigate whether DNA-bound Pol II participate in higher-order chromatin structures because it is known that physical contacts between regulatory factors through local DNA looping cause higherorder structures that affect gene-expression regulation (15, 23, 31) . We studied the Pol II ChIA-PET data by Li et al. (23) to investigate higher-order chromatin structures involving Pol II ('Pol II complexes') at estrogenresponsive genes.
The simplest form of a higher-order chromatin structure is a single loop of DNA tethered to a protein complex, and it is common to observe multiple loops and anchor regions (the DNA region in contact with the protein complex) in a chromatin complex. The diagram at Figure 1B illustrates the way a gene can be categorized with respect to a chromatin complex. A gene is considered an 'anchor gene' if its TSS is within ±5 kb of a DNA-protein anchor region (23) ; otherwise, it is considered a 'loop gene'. Such a categorization is of interest because being an 'anchor gene' brings a gene close to Pol II, the center of transcription action.
Among 748 estrogen-responsive genes, 641 (86%) were located within 563 Pol II complexes, indicating that some Pol II complexes enclosed more than one estrogen-responsive gene. Further inspection showed that the majority-624 out of the 641 genes (97%)-were located in the anchor regions of the 552 Pol II complexes; of these, 358 were estrogen-induced genes and 266 were estrogenrepressed genes ( Figure 1C ). The rest of this report will focus on these estrogen-responsive anchor genes to study the impact of formation or disruption of higher-order chromatin structures on regulating their expression.
ERa and pioneer factors within the chromatin complexes. The presence of Pol II complexes at the estrogen-responsive genes raised an interesting question: are ERa and its pioneer factors involved in the formation of these complexes in the absence of estrogen? From the results of four ERa ChIP-seq studies (17) (18) (19) (20) in MCF-7 cells before estrogen treatment, we identified a set of 18 212 consensus ERa-binding sites. We then investigated which of the observed ERa-binding sites were located within or close to the Pol II complex regions containing estrogen-responsive genes.
The majority (434/552 = 79%) of the Pol II complexes containing estrogen-responsive anchor genes contained ERa-binding sites, averaging 9.1 sites per complex. Most of them had at least one site within an anchor region (413/434 = 95%). Table 1 shows the distribution of complexes containing estrogen-induced and estrogen-repressed genes, as well as the percentage of complexes containing ERa-binding sites. A Jaccard test (29) showed that, in the absence of estrogen, the ERa sites were significantly enriched in the Pol II complexes (P < 0.01).
We further investigated whether the well-known ERapioneer factor, forkhead box A1 (FoxA1), as well as other putative ERa-pioneer factors, including pre-B-cell luekemia trnascription factor 1 (PBX1), activating protein 2 gamma (AP2g) and trans-acting T-cell-specific transcription factor (GATA3), were also enriched in the Pol II complexes to facilitate ERa binding in these regions. We identified the binding sites for these factors from respective ChIP-seq data (17, 25, 26, 32, 33) collected from MCF-7 cells in the absence of estrogen (Table 1) .
Jaccard tests (29) showed that the binding sites of each the above factors were significantly enriched (P < 0.01) in the anchor regions. Most ERa-binding sites (3045 out of 3950; 77%) co-occurred with at least one pioneer factor inside the Pol II complexes (Supplementary Figures S1  and S2 ).
Histone-modification markers
Epigenetic modifications, particularly histone-modification markers, reflect another aspect of the status of transcription machineries at promoters. Some of these markers indicate 'active promoters', while others indicate 'inactive promoters' (34) . Using the GenometriCorr package (29), we analyzed the histone-modification-marker data from MCF-7 cells (17, 35) to assess whether they exhibited significant spatial correlation with the promoters (±1 kb around TSS) of the estrogen-responsive genes. The results (see Supplementary Table S2) show that, in the absence of estrogen, the promoters of both estrogen-induced andrepressed genes were significantly enriched with the histone-modification markers commonly associated with active promoters, including H3K4me1, H3K4me3, H3K9ac and H3K14ac. There was no significant difference in histone-marker distributions between estrogeninduced and estrogen-repressed genes.
Transcription activity
Next, we investigated the transcription activity of estrogen-responsive genes in the absence of estrogen, using the results of a GRO-seq experiment performed in MCF-7 (16). GRO-seq detects de novo transcription activities of genes on a genome-wide scale, thus providing a 'map' of the position and direction of transcription activities. We performed meta-gene analysis of the transcription activities in the region between 1 kb upstream of the TSS and 1 kb downstream of the TES. Figure 1D reveals two GRO-seq peaks within the promoters, along both sense and antisense strands of both estrogen-induced and estrogen-repressed genes, indicating that transcription was actively initiated at the TSSs of these genes. On the sense strand, there was no significant difference (t-test, P = 0.57) in transcription initiation rate (the total reads within the vicinity of ±300 bp of TSS) between the estrogen-induced and estrogen-repressed genes. On the antisense strand, we observed significantly more reads for the estrogen-induced genes in comparison with the estrogen-repressed genes (t-test, P < 10 À3 ). The function of antisense transcripts is unknown, but their existence suggests that DNA assumes an open chromatin structure permissive to transcription activity by Pol II (36) (37) (38) .
We next compared the transcription activities within the gene bodies (300 bp downstream TSS to TES) of the estrogen-responsive genes. Estrogen-repressed genes had more reads in the body region than did estrogen-induced genes (t-test P < 10 À3 ). We calculated the pause ratio of each gene, defined as the normalized total reads in the vicinity of a TSS (±300 bp) over that in the corresponding gene body, and compared the results from estrogeninduced and estrogen-repressed genes. Figure 1E shows that the pause ratio of the estrogen-induced genes was significantly higher (t-test P < 10 À2 ). The results suggest that, although there was active transcription initiation at the promoter of all estrogen-responsive genes in the absence of estrogen, the transcription of the estrogeninduced genes failed to progress into gene bodies, thus leading to a low level of full-length transcripts; for the estrogen-repressed genes, coordinated transcription across promoters and genes bodies led to full-length transcripts before estrogen treatment.
Status of transcription machineries in the presence of estrogen
Pol II occupancy and transcription activity After estrogen treatment, Pol II occupancy (18) was found to be significantly increased (paired t-test, P < 10
À19
) and significantly decreased (P < 10
À10
) for the estrogeninduced and estrogen-repressed genes, respectively ( Figure 2A ).
We further studied the impact of estrogen treatment on de novo transcription rates ( Figure 2B ) using the GRO-seq data (16) . For the estrogen-induced genes, the transcription rate at promoter regions did not change significantly (paired t-test, P = 0.16), but the transcription rate in the gene body (sense strand) increased significantly (paired t-test, P < 10 À19 ), and the pause ratio was significantly decreased (paired t-test, P = 0.0015). We found no significant change in the antisense transcription before and after estrogen treatment (paired t-test, P = 0.85). These results indicate that estrogen mainly acted to enhance the elongation of transcription of the estrogen-induced genes.
For the estrogen-repressed genes, estrogen reduced the transcription level in both promoter (paired t-test, P = 0.012) and gene body (P < 10 À6 ) regions. The comparison of pause ratios before and after estrogen treatment showed no statistical difference (paired t-test, P = 0.21). However, antisense transcription significantly decreased in the presence of estrogen (paired t-test, P < 10 À5 ). These results suggest that estrogen effected the transcription repression, at least in part, by suppressing transcription initiation.
Histone-modification markers
We next analyzed the impact of estrogen treatment on histone modification at the promoters of estrogen-responsive genes (17) . As shown in Supplementary Table S2 , estrogen treatment did not significantly change the distributions of histone-modification markers at either estrogen-induced or estrogen-repressed genes. After estrogen treatment, we observed increased total number of sequence-tags for H3K9ac and H3K14ac at the promoters of both estrogen-induced and estrogen-repressed genes; we also observed increased total number of sequence-tags for H3K4me3 and H3K9me3 at the estrogen-induced genes; however, we did not observe any significant change of inhibitory histone markers (H3K27me3) for either estrogen-induced or estrogen-repressed genes. The lack of repressive histone markers at the estrogen-repressed genes indicates that estrogenmediated gene repression is not caused by, or associated with, changes in histone modification, at least not for the set of anchor genes we studied.
Chromatin reconfiguration
Because the majority of estrogen-responsive genes was enclosed in higher-order chromatin structures in the absence of estrogen, investigating the impact of estrogen treatment on these structures could shed light on their role in transcription regulation (39) (40) (41) (42) (43) (44) (45) . Analyzing the results of a ChIA-PET study of ERa chromatin complexes (15) in the presence of estrogen, we identified 4293 higher-order chromatin complexes involving ERa in the presence of estrogen, as well as 10 729 'stand-alone' ERa-binding events (external to a higher-order chromatin structure). Figure 3 shows the number of ERa complexes and stand-alone ERa-binding sites overlapping the 552 Pol II chromatin complexes enclosing the estrogen-responsive genes reported above. A total of 358 out of 624 estrogen-responsive genes were associated with ERa chromatin complexes after estrogen treatment. We then inferred whether the Pol II complexes in the absence of estrogen were retained or disrupted after estrogen treatment by integrating the results of Pol II ChIA-PET and ER ChIA-PET experiments performed in the absence and presence, respectively, of estrogen. We classified each estrogen-responsive gene anchored in Pol II complexes before estrogen according to its status in the ER complex after estrogen as follows: (i) Anchor-toanchor genes: an anchor gene with respect to a Pol II complex was also an anchor gene with respect to an ERa complex. For example, Figure 4A shows that the Pol II and ERa chromatin complexes anchor at the same regions at the promoter of the MYB gene, and that the ERa-binding sites overlapped with the anchor regions of both Pol II and ERa complexes in the absence and presence of estrogen, indicating that the anti-Pol-II and anti-ERa antibodies had pulled down a common complex that existed before and after estrogen treatment. (ii) Anchor-to-loop: an anchor gene with respect to a Pol II complex converted to a loop gene with respect to an ERa complex. Figure 4B shows that, before estrogen treatment, an ERa ChIP-seq-binding site overlapped with one of the anchor regions of the Pol II complex (arrow) at the promoter of CALM1, indicating that both ERa and Pol II were involved in the chromatin complex. After estrogen treatment, a new ERa complex, which involved a broader DNA region subsuming the original Pol II complex, formed concurrent with the disappearance of the original ERa-binding site in the Pol II complex. Therefore, it can be inferred that the original Pol II chromatin complex was disrupted. (iii) Anchor-tostand-alone: an anchor gene with respect to a Pol II complex became a stand-alone ERa gene; i.e. the gene promoter was within ±20 kb of non-interacting ERabinding sites (15) . An example of an 'anchor-to-standalone' gene, TLE1, is shown in Figure 4C . After estrogen treatment, the ERa-binding sites overlapping with the Pol II complex anchor are not associated with any ERa complex, suggesting that the original Pol II complex had been disrupted.
We first compared the distributions of estrogen-induced and estrogen-repressed genes, which were significantly different (Chi-square test, P < 10 À11 ), among these categories. Based on the distribution of genes among the categories, we inferred that 86% (124/144) of the Pol II complexes, which formed in the absence of estrogen and contained estrogen-repressed genes, were disrupted after estrogen treatment. In comparison, the Pol II complexes containing 49% (104/213) of estrogen-induced genes were inferred to have been disrupted.
We further studied the subset of estrogen-responsive genes with ERa inside the anchor region of the Pol II complexes in the absence of estrogen. Because these ERa were integrated in the Pol II complexes, we felt it would be interesting to investigate the impact of the binding of estrogen to ERa on the status of the Pol II complexes. After estrogen treatment, 81% (55 out of 68) of the estrogen-repressed genes in this subset underwent chromatin reconfiguration; in contrast, only 35% (39 out of 113) of estrogen-induced genes underwent chromatin reconfiguration ( Figure 5B ).
Impact of chromatin reconfiguration on transcription
To investigate the effect of chromatin reconfiguration on transcription activities, we compared transcription activities of different gene groups, e.g. 'anchor-toanchor' group vs. 'anchor-to-loop' group, based on the GRO-seq data (16) . For the estrogen-induced genes, the transcription activities were not significantly different among the anchor-to-anchor, anchor-to-loop and anchor-to-stand-alone groups in the presence of estrogen, and all subgroups showed increased transcription activity after estrogen treatment, compared with activity before estrogen treatment.
For the estrogen-repressed genes, we compared the transcription activities of the 'anchor-to-anchor' genes with those of the genes having undergone a chromatin configuration (pooled 'anchor-to-loop' and 'anchorto-stand-alone' genes) in the presence of estrogen. The results revealed significantly higher (t-test, P = 0.04) transcription activities of the 'anchor-to-anchor' genes. Interestingly, we noted that the transcription activities of the 'anchor-to-anchor' genes were insensitive to estrogen treatment, whereas the genes that had undergone chromatin configuration exhibited significant changes in response to estrogen treatment (paired t-test for 'anchor-to-loop': P = 0.0006; 'anchor-to-stand-alone': P = 0.0024). In a further comparison between the 'anchor-to-anchor' genes from the estrogen-induced and estrogen-repressed groups, we found that the transcription activities were not significantly different (t-test, P = 0.45). These results indicate that, for the estrogen-repressed genes, chromatin reconfiguration had a significant impact on their transcription activities.
The discrepancies between the de novo transcription activities measured using GRO-seq and the steady-state mRNA levels measured using microarrays for the 'anchor-to-anchor' estrogen-repressed genes led to the hypothesis that these genes were affected by active posttranscriptional regulations (for example, through miRNAs). Several genome-wide profiling studies have characterized estrogen-dependent miRNAs, whose transcription is induced by estrogen (46, 47) . These miRNAs, including miR-22, let-7, miR-221/222, miR-18a/19b/20b and miR17-5p, were shown to negatively modulate the ERa-regulated genes after estrogen stimulation. Using the software package ComiR (28), we found that 13 of the 20 'anchor-to-anchor' estrogen-repressed genes were likely targets of at least one of these miRNAs (Fisher's P < 0.05; Supplementary Table S4) .
Other TF/co-regulators We further examined the distribution of a set of wellknown ERa-partner TFs and co-regulators using the data of ChIP-seq experiments performed in MCF-7 breast cancer cells treated with estrogen (17, 19, 20, 25, 33, 35, 48) . We examined their distribution within different subgroups of estrogen-responsive genes; results are shown in Supplementary Table S3 . Interestingly, nuclear receptor coactivator 1 (SRC-1), SRC-2, SRC-3 and FoxA1 binding events were found to be enriched in the 'anchor-to-anchor' group of the estrogen-induced genes. This observation indicates that co-activators SRC-1, SRC-2 and SRC-3 were preferentially recruited to estrogen-induced genes.
DISCUSSION
In this article, we present the results of an integrative analysis of multiple genome-scale data to derive a holistic view of the transcription machineries at estrogen-responsive genes in the presence and absence of estrogen. Figure 6 shows an example of such a view rendered in a genome browser format. As a resource to enable the research community to investigate different aspects of these genes in the context of chromatin structure and protein-DNA interactions, we provide a supplementary Web Site supplying the results of all estrogensensitive anchor genes studied in this report. Large-scale information integration enabled us to systematically dissect the data from multiple angles to reveal different mechanisms of estrogen-mediated transcription regulation, work that would not have been possible using only one or a few of the available data types. Our analyses have led to novel insights regarding the mechanisms of estrogen-and ERa-mediated gene expression regulation, creating the potential for broadly refining our understanding of the mechanisms of a large family of nuclear receptors.
In the absence of estrogen, most of the estrogen-responsive genes, both estrogen-induced and estrogen-repressed, assumed a higher-order chromatin structure that involved Pol II, ERa and ERa-pioneer factors; these promoters were also associated with active histone markers. The results indicate that the transcription machineries at these genes were well poised to respond to estrogen quickly. Interestingly, in the absence of estrogen, the genes to be induced showed active transcription initiation at TSSs but failed to elongate into gene bodies. Such transcription pauses may be due to (i) the presence of ERa corepressors, e.g. nuclear receptor corepressor (N-CoR) or silencing mediator of retinoid acid and thyroid hormone receptor (SRMT) (49) , recruited by estrogen-free ERa; or (ii) the estrogen-free ERa leading to an overall complex conformation that failed to recruit co-activators, such as SRC-1 (49), which might be required for efficient transcription elongation. These results indicate that binding of estrogen to ERa is not required for assembling transcription machineries at estrogen-responsive genes, but rather that the role of estrogen is to regulate the activity of already assembled machineries.
Through careful data integration and reasoning, we report the first evidence that the majority of estrogenrepressed genes underwent a chromatin reconfiguration after estrogen treatment that had a significant impact on the transcription activities of the genes. This leads to a hypothesis that the original Pol II complexes provided an ideal transcription environment for these genes, and that the disruption of the structures in response to estrogen impaired their transcription, thus rendering them estrogen-repressed. We hypothesize the following potential mechanisms for estrogen/ERa-mediated chromatin reconfiguration: (i) the binding of estrogen to ERa within the preexisting chromatin complexes induced conformation changes in ERa, which in turn caused the conformation changes of the overall complexes, thus disrupting the complexes; (ii) estrogen-bound ERa led to new high-affinity binding events and/or formation of new ERa-mediated complexes within a close vicinity of the preexisting Pol II complexes, and these events exerted physical distortion on the chromatin surrounding the original complexes, leading to their disruption; or (iii) a combination of the above mechanisms.
In comparison, the majority of estrogen-induced genes assumed an 'anchor-to-anchor' pattern after estrogen treatment, and therefore retained the active chromatin states at the TSSs. Estrogen treatment likely facilitated transcription elongation by recruiting co-activators or releasing co-repressors. Observed enrichment of co-activators SRC-1, SRC-2 and SRC-3 at the promoters of these genes supports this notion. It will be interesting to further investigate whether known ERa co-repressors, such as N-CoR or SMRT, are part of the chromatin structures formed in the absence of estrogen, and to study the impact of estrogen on chromatin localization of co-repressors. For the estrogen-induced genes that underwent chromatin reconfiguration, the originally transcription-inefficient complexes may be replaced by new ERa complexes that are transcription-favoring.
